The aim of this work is to predict the temperature field generated by welding a steel butt joint (API 5L X80). The prediction was modeled by finite element software Abaqus where the subroutine was developed in Fortran so that heat source motion may be included. The motion was based on the Goldak's double ellipsoid. In the model material nonlinearities were included such as thermophysical properties (coefficient of thermal expansion, specific heat, thermal diffusivity and thermal conductivity), which are dependent on temperature and latent heat, heat exchange by convection and radiation and mechanical boundary conditions. The thermal field predicted by the model was validated by infrared thermography. GMAW simulations with the use of an "evenmatched" solid wire (filler metal) carried out the welding process. The results obtained from the numerical model and thermography were in good agreement.
Introduction
Welding is one of the most commonly used manufacturing processes in various branches of industrial activity, such as petrochemical, automotive, shipbuilding, and nuclear industries, among others. The occurrences of the so called thermal stresses generated by the strong thermal gradient in welding promotes geometric distortions and the generation of non-uniform internal stresses (residual stresses). These stresses are undesirable since they downgrade the quality of the welded components 1, 2 . The determination of residual stresses in welded pipelines may be accomplished by experimental procedures such as hole drilling, X-ray diffraction, neutron diffraction, and ultrasound techniques, which are expensive and sometimes difficult possibly involving destructive or semi-destructive procedures 3, 4 . The biggest challenge in using finite element method (FEM) involves specifying a set of material properties that truly reflect the component behavior. If this set of material properties are specified during the numerical simulation and the mesh is reasonably defined, then the temperature fields and residual stresses help to predict accurately. The capacity to carry out all these operations makes the finite element method an effective tool, Yaghi et al. 4 and the results are similar to those obtained from the infrared system (IR), since it provides direct evidences of transient temperatures and the real boundary conditions of the system under study 5 .
Lee and Chang
6 found results similar to those obtained in this study and Attarha and Sattari-Far 7 for carbon steel welding butt joint in the FCAW (Flux Core Arc Welding) and GTAW (Gas Tungsten Arc Welding) processes without any filler metal. The similar behavior was reported by Chiumenti et al. 8 while studying the temperature field generated by the AISI 304 stainless steel pipe welding with the use of GTAW welding process with addition material. Deng and Murakawa 9 , who used the finite element method to predict the temperature field and residual stress of a thin top joint of a low carbon steel using the GMAW welding process, also obtained similar results. Gery et al. 10 used the finite element method to simulate the effect of welding speed, welding energy and the Goldak source parameters in the temperature field evolution generated by the welding of a low carbon steel butt joint using the GMAW process. In this work, these factors were found to have a major influence on the MZ (Molten Zone) and HAZ (Heat Affected Zone) sizes, as well as the peak temperatures in the MZ.
Thermography is a technique that allows distinguishing between areas of different temperatures through the detection of infrared radiations emitted by a given body or object subjected to a temperature greater than the absolute zero. The technique becomes an extension of the human vision since it allows visualizing the light in the infrared spectrum 11 .
Currently there are a number of papers published on the numerical determination of the temperature field in welded joints of 12, 13 . The impact of the temperature and residual stresses is very important to consider in other steels due to the change of the specific volume. In the proposed work on steel API 5L X80 phase transformation and thermophysical properties were considered in the numerical model and the results were validated by the use of infrared thermography.
Experimental Method
The base material used in this study is API 5L X80 steel pipe with a thickness of 19 mm and nominal diameter of 864 mm (34"). The chemical composition is given in Table 1 .
The filler metal used was the GMAW solid wire, diameter 1.2 mm, ER70S-6 model 14, 15 .
GMAW Finite Element Modeling
The objective of this simulation is to obtain temperature fields of a welded joint in the GMAW process. In this case a commercial finite element software ABAQUS® is used. However, vaporization of the metal is not taken into consideration but only the fusion process.
Besides consideration of heat transfer due to conduction, the present work also takes into account heat losses due to natural convection and radiation. Variations in the thermophysical properties of the material are considered with the temperature, and this leads to a non-linear analysis, as expressed in Equation 1.
Thermal Analysis
In most of the fusion welding processes, a source of concentrated heat and high intensity is applied and moved along the joint position 16 . Heat conduction through a solid can be expressed 17 :
(1)
In this equation, T represents temperature, q 0 heat source, x, y, z the tri-orthogonal Cartesian coordinates, t for time, K T thermal conductivity, ρ the density and C P the specific heat of the material. During the welding operation, the material exchanges heat with the surrounding environment by convection and radiation. Heat losses by convection is represented: Φ c =h c (T-T ∞ ), while heat losses by radiation is expressed:
, where h c is the coefficient of convection, T the surface temperature of the object, T ∞ the temperature of the surrounding fluid (T ∞ = 27ºC), σ Stefan -Boltzmann constant (σ = 5,7 x 10 -8 Wm -2 K -4 ) and ε the emissivity of the object (ε = 0,91) 18 . The coefficients of thermal expansion (α), specific heat (c p ), thermal diffusivity (λ), and thermal conductivity (K) of API 5L X80 steel as a function of temperature were measured experimentally using dilatometry, differential calorimetry scanning and laser flash techniques, and the results are given in Table 3 19 .
Moving heat source
The subroutine destined to move the heat source generated by the GMAW torch is called DFLUX, it sequentially applies the heat flow to the nodes as a function of time, according to the selected welding speeds [20] [21] [22] . The Goldak double-ellipsoid model was selected for the heat source, Figure 2 . The model combines two different ellipsoids, one at the frontal quadrant (2) and the other in the rear quadrant (3) 23, 24 . This would represent the energy flow distribution by simulating heat input to the weld joint.
(2) The deposition of the weld bead occurred at a butt joint with a Biesel angle of 45° along the longitudinal direction of the specimen (150 mm x 80 mm x 7,5 mm). Table 2 and Figure 1 give the parameters of welding process. Figure 1 . Automated GMAW process utilized in this work The heat source parameters (a f , a r , b and c) define the size and shape of the two ellipses. These parameters influence the welding process. The energy distribution between the front function and the rear function of the heat source is represented by the variables . The parameters U, I and η were obtained through the manufacturer of the welding equipment, according to the thickness and type of material used in the experiments. The parameters b and c were measured by weld pool macrography of the made joint, Figure 3 . The parameters a f , a r , f f and f r are a function of b and c, where 3 . Figure 3 . Macrography of the API 5L X80 steel welded joints, after a nital acid attack at 5% and an increase of 13 X Table 4 shows the geometric parameters of the Goldak heat source used in the work. The effect of the filler material in GMAW process was also considered using the element death / element born technique. In this method the elements to be removed are first defined with the properties of the filler material and forming the melted zone of the welded joint. These elements are then removed (element death) from the model and then added (born element) when required during the simulation 25 . Figure 4 shows the three-dimensional mesh of the finite element model DC3D8. It consists of 75,570 elements and 85,822 nodes and was estimated after the convergence tests. Then, the mesh was refined in the melted zone (MZ) and in the heat-affected zone (HAZ). The time increment used was 0.001s and a convergence criterion of 0.1ºC. A mechanical boundary condition is available in the ABAQUS/ENCASTRE software; it was set in the lower front edge and in the lower back edge. This thereby ensures absence of degrees of freedom in the model, Figure 5 . The boundary condition model was implemented to represent the specimen fixed mechanically.
Finite element mesh generation and boundary conditions

Measurements by Thermography
In order to validate the temperature distribution model on the other side of the welding, infrared thermography (IR) has been chosen since it permits measurements at elevated temperature and the results obtained are of high precision The temperature indicated by the thermal camera has a strong dependence on emissivity. This is the most important feature of the surface of an object and that affects the amount of radiant energy. The emissivity is a function of temperature of the object, the surface roughness, the wavelength emitted by the radiation and the camera angle with respect to the object. The emissivity (ε) value used in this study is 0.9134 ± 0.068 and the present author in a previous work estimated it 13 . However, the emissivity value set in the camera was 0.91. It may be mentioned that other authors as well 5, 26, 27 have reported emissivity values at 0.9. Figure 7 shows the emissivity as a function of temperature and Figure 8 shows emissivity distribution 18 . The FLIR ThermaCAM S45 thermographic camera was used. The camera uses a Focal Plane Array (FPA) detector, which is able to capture wavelengths between 7.5 and 13 µm of electromagnetic spectrum at a resolution of 320 x 240 pixels, totaling 76,800 unrefrigerated microbolometer sensors. The camera was set perpendicular to the object in order to optimize the reception of thermal waves. 
Results and Discussion
Temperature field image
The temperature distribution was measured on the opposite side of the welding, specifically in the middle region of the weld melt line. Figure 9 shows a schematic arrangement of the technique.
The temperature fields and thermal cycles obtained experimentally and numerically show a high degree of compatibility, Figure 10 . Figure 11 compares the numerical results obtained by FEM to those obtained by thermal imaging.
Analyses by FEM and thermography
Comparing experimental and the numerical results show that the all points mentioned in Figure 11 present ) and h 8 mm) 10 mm similar heating cycles and peak temperatures. Whereas for the cooling cycles up to a temperature of 300 C the curves behave similarly but after about 300 C, there is a marked discrepancy between the experimental and numerical results. Note that at about 300 C the FEM curve drops sharply. This disparity occurs because the mathematical model consider the mass of the welded material as infinite. The entire region can be considered as unresponsive to the said validation considering that in these temperature ranges there is not any microstructural change in the base metal.
An important result in this analysis is the maximum temperature (peak temperature) attained by each joint point due to the welding process. Table 5 shows a comparison of the peak temperatures reached on the opposite side of the welding. The distance shown in the table is measured from the weld melt line. The error shown in Table 5 was calculated based on the value of the experimental procedure. The peak temperature is well represented by the presented numerical model showing a maximum deviation of 22.46% which corresponds to the point located 8 mm from the weld melt line.
The temperatures measured along the weld melt line at 0, 1 and 2 mm was quite consistent about an error of 3.72%. Whereas along the weld melt line at 3, 5, 7, and 8 mm, the error increases significantly due to the allotropy of iron. Note that in the temperature range of 500 -800 C phase transition occurs and this phenomenon is easily analyzed by the infrared technique but not by the mathematical model.
Moving further along the weld melt line, say at about a distance of 10 mm, the error between the mathematical model and experimental results diminishes. This is due to the fact that the temperature at this location is below 500 C and phase transition does not occur.
As such, thermography is a very reliable technique that allows researchers to work with the variables influencing the heat input calculations in a more assertive manner. However, the mathematical modeling is quite meticulous and the results may be distorted if any small error in the input data.
Important factors that influence the temperature field obtained from the FEM and IR system are: 1) Efficiency of welding acceptable in GMAW varies from 0.75 to 0.95%. This index significantly influences the FEM results; 2) Influence of emissivity in the range 0.9 and 0.99 is significant in the IR technique; 3) Alignment check of automation and specimen geometry ensures reliable results in both techniques.
The numerical simulation can provide the temperature distribution on the front face of the weld (as shown in Figure 12 ). However, the thermographic technique cannot be employed in the temperature range of the electric arc (above 20.000 K). 
5)
The results of the simulation show that the model is very sensitive to the welding parameters and small variations of it may result into absurd conclusions. However simulation model can be used as a convenient tool to investigate the effect of welding parameters in the GMAW process. Further experiments with other welding parameters should be performed.
6)
Infrared thermography along with numerical simulation form a solid basis for the study of temperature distribution during welding, and it is an important factor to know as it influences distortion and residual stresses in metallic structures.
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Conclusions
1)
The comparison of experimental and numerical results show that the thermal cycles on all selected points are almost identical. However in the cooling phase there is a good agreement only until about 300°C.
2)
The peak temperature is well represented by the numerical model from 0, 1, 2, 3, 5 and 10 mm measured from the weld melt line. The maximum error in this interval was in the order of 10%.
3)
At 7 to 8 mm from the weld melt line, the infrared thermography observe errors of 15.92% and 22.46% respectively.
4)
The temperature fields and thermal cycles obtained by the numerical model and thermography (at the rear face of the material) showed good agreement.
